Introduction {#S0001}
============

The tumor stroma consists of various cellular components that support the tumor microenvironment, including fibroblasts, endothelial, myofibroblasts, pericytes, and a diversity of immune cells.[@CIT0001] Tumor cells and inflammatory tumor tissues can recruit numerous types of adaptive and innate cells, especially tumor-associated macrophages (TAMs). Several recent works have indicated that TAMs content in human tumors ranges from 50% to 80%. The quantifying infiltration in medullary breast cancer is 490 macrophages/mm^2^ and that in ductal carcinomas are 343 macrophages/mm^2^.[@CIT0002],[@CIT0003] High TAMs infiltration demonstrates worse relapse-free and overall survival in clinical research, emphasizing their significant in cancer prognosis and treatment.[@CIT0004],[@CIT0005] TAMs are typically divided into two polarization phenotypes: M1 and M2 states. M1 TAMs act as potent effector cells which can suppress target tumor cells by inducing a proinflammatory response, such as TNF-α, IL-12, and IL-6.[@CIT0006],[@CIT0007] This is in contrast to M2 TAMs that inhibit the host anticancer immune response.[@CIT0008] Given the critical roles that M1 TAMs and M2 TAMs play in human tumors, the development of in vitro and in vivo models, which outline the reciprocation among M1 TAMs, M2 TAMs, and tumor cells, is of important clinical and basic interest.[@CIT0009]--[@CIT0011]

Supernatant transfer and monolayer co-culture in vitro have been used to mimic the tumor microenvironment.[@CIT0012] However, both of these two models are insufficient to follow the three dimension localization of TAMs with respect to the human tumors. Hydrogels are 3D hydrophilic polymer networks which have been extensively used for studying cell--cell interactions and drug screening in many cancer models.[@CIT0013]--[@CIT0017] Hydrogels supply a distinct system to mimic environment of an in vivo tumor, for example, the metabolic gradients, the multicellular nature, and the inclusion of stromal elements such as the subordinate cell types and the extracellular matrix.[@CIT0018],[@CIT0019] Spheroid is a kind of valuable model to mimic the tumor microenvironment in vivo.[@CIT0020] Kinds of cell types including cancer cells, endothelial cells, and immune cells were incorporated to form a heterospheroid.[@CIT0021],[@CIT0022] Tevis et al, demonstrated that the macrophage/tumor cells embedded heterospheroid model promoted TAM-like characteristics in collagen hydrogel.[@CIT0020] This study demonstrated that both the three-dimensional collagen matrix and cell--cell interactions directed TAMs activity, and thus, highlighted the critical role that the local tumor microenvironment itself plays in TAMs behavior. However, reprogramming TAMs to investigate their functional performance in hydrogel is rarely studied.

Matrigel is the most extensively used hydrogel scaffolds until now, which is an extracellular matrix divided from Engelbreth-Holm-Swarm mouse sarcoma.[@CIT0013],[@CIT0023] Although the matrigel scaffolds can sustain the multicellular breast epithelial cell spheroids in vivo, there arestillvarious limited properties, such as undefined elements and inadequate user-specified control of physicochemical.[@CIT0013] To address these challenges, we develop a novel disintegration controllable supramolecular gelatin (DSG) hydrogels. Gelatin is a native protein isolated from the partial hydrolysis of collagen derived from the bones, connective tissues, and skin of animals.[@CIT0024],[@CIT0025] Due to the good biocompatibility and abundancy, gelatin is widely used to fabricate hydrogels to mimic the extracellular matrix (ECM). For most gelatin-based hydrogels, gelatin should be chemically modified by polymerizable groups, such as vinyl groups, which complicate the process of gelatin hydrogel formation and may sacrifice partial bioactivity of gelatin.[@CIT0026] Therefore, we adopt the host--guest interaction between the aromatic groups of gelatin and the modified photocrosslinkable β-cyclodextrins to form our DSG hydrogels. β-cyclodextrin (β-CD), which is widely used in the pharmaceutical industry to improve the solubility and bioavailability of hydrophobic drugs,[@CIT0027] is also a common used host molecule in supramolecular chemistry.[@CIT0028] Based on this novel approach, we do not need to pre-functionalize gelatin. Moreover, the weak host-guest complexation between the aromatic group and the β-CD is physically reversible. Therefore, this crosslinking can be broken by 1-adamantanamine hydrochloride (ADA), which is another kind of guest monomer showing higher binding constant with β-CD than aromatic group. In consequence, we can encapsulate cells in the biocompatible DSG hydrogels for 3D in vitro culture firstly, and then disintegrate the cell-laden DSG hydrogels to free cells for further measurements when needed.

In order to study how reprogramming M2 polarized TAMs could affect tumor cells, we set up a convenient macrophage/endometrial cancer cells Ishikawa (ISK) spheroid 3D model by gelatin DSG hydrogels. Tumor-associated macrophages are differentiated originated from the human leukemia monocytic cell line which can be differentiated into macrophages. As we all know that the cell factor interferon-γ (IFN-γ) can reprogram macrophages from M2 to M1 macrophages.[@CIT0029] Co-culture systems supply a way to study the interactions between multiple macrophages and cancer cells and approve all the cells to remodel the local tumor microenvironment. M2 subtype TAMs lead to secrete of vascular endothelial growth factor (VEGF) and increase of the cancer cells migration.[@CIT0030],[@CIT0031] The application of these models has supplied key insights into tumor-associated macrophage biology. Our study set the scene for an active area of research and will be of utility in preparing a TAMs responsive DSG hydrogel that the TAMs can reprogram as they grow inside the hydrogels, therefore supplying a favorable mimetic of the natural extracellular matrix (ECM).

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

β-cyclodextrin (β-CD), hydrogen peroxide (H~2~O~2~) and acrylate chloride were purchased from Aladdin. Gelatin (type A, Sigma), acryloyl chloride, 2- hydroxy-4ʹ-(2-hydroxyethoxy)-2-methylpropiophenone (I2959), and Triethylamine (TEA) were bought from Sigma-Aldrich. Acetone and Dimethyl Formamide (DMF) were bought from Thermo Fisher Scientific. Phosphate buffered saline (DPBS), penicillin, L-glutamine, Calcein AM/propidium iodide (PI), streptomycin, Trizol, and fetal bovine serum (FBS) were bought from Gibco. Both the BCA protein assay kit and RevertAid First strand cDNA synthesis kit were obtained from Thermo Fisher Scientific.

Synthesis of Acrylated β-Cyclodextrin (Ac-β-CD) {#S0002-S2002}
-----------------------------------------------

β-cyclodextrin was added into DMF to form the solution with 7% weight percentage. 5 (w/v) % TEA was then added into the β-cyclodextrin/DMF solution to act as the acid-binding agent. After the solution cooled down to 0°C, appropriate amount of acryloyl chloride was dropwise added into the above mixture. After the overnight reaction, the cloudy mixture was filtrated to obtain clear solution, and then the obtained solution was concentrated by using the vacuum rotary evaporation. The condensed solution was dripped into 30-fold volume of acetone to get white precipitate. At last, the precipitate was vacuum dried to get the product acylate β-cyclodextrin (Ac-β-CD). 1H NMR (Bruker Advance 600 MHz spectrometer) was used to define the substitution degree (SD) of the acrylate β-cyclodextrin as 1.3 ([[Supporting information Figure 1](https://www.dovepress.com/get_supplementary_file.php?f=252074.docx)]{.ul}).

Preparation of Supramolecular Gelatin DSG Hydrogels {#S0002-S2003}
---------------------------------------------------

Gelatin and Ac-β-CD were dissolved in PBS as the certain amount, and then the photoinitiator 0.05 (w/v) % I2959 was added at 37°C. The DSG hydrogels were grouped as Gel~x~CD~y~ (x is the concentration of gelatin, y is the concentration of Ac-β-CD). The well-mixed solution was added to molds and then the ultraviolet light (UV) was used to expose (365 nm, 10 mW/cm^2^, 10 min) at 25°C to form the disintegration controllable supramolecular gelatin (DSG) hydrogels.

Rheological Measurement {#S0002-S2004}
-----------------------

Anton Paar MCR301 rheometer was used to test the rheological properties of the gelatin DSG hydrogels by using 25 mm plates at a 100 μm gap size. The samples were spread between the two plates of the rheometer homogeneously. Time sweep test was done with a 10 Hz frequency and a 0.1% strain. For the frequency sweep test, the frequency was ranged from 0.1 to 10 Hz at a fixed strain (0.1%).

Cell Culture {#S0002-S2005}
------------

Ishikawa (ISK) (Sigma-Aldrich), a human endometrial adenocarcinoma, was cultured in Dulbecco's Modified Eagle Media (DMEM) added with 10% fetal bovine serum (FBS, BI, Israel) and streptomycin/penicillin (1%, 10 mg/mL streptomycin; 10,000 units/mL penicillin) (Thermo Fisher Scientific, USA). THP-1 monocytes (ATCC, USA) were cultured at 37°C in a 5% CO~2~ incubator in Roswell Park Memorial Institute (RPMI) 1640 (BI, Israel) with 10% fetal bovine serum (FBS) and streptomycin/penicillin (1%, 10 mg/mL streptomycin; 10,000 units/mL penicillin) (Thermo Fisher Scientific, USA). THP-1 monocytes were supplemented with 100 ng/mL 2-Acetoxy-1-methoxypropane (PMA) for 48 hours to induce THP-1 M0 macrophages both in 2D and 3D culture systems.

Spheroid Formation and Disintegration {#S0002-S2006}
-------------------------------------

For the spheroid formation, the method was used as previously published method.[@CIT0022],[@CIT0032] Briefly, 5×10^5^/mL THP-1 M0 cells were added to agarose-coated 96-well plates with 1×10^6^/mL ISK cells, and then performed a centrifugation at 1000 g for 10 min to form the heterospheroid. The 10C5M model (cancer cells/macrophage cells), which has been proved promoting TAM-like characteristics, was formed in DSG hydrogels during the spheroid embedding as previously described by Grinstaff et al.[@CIT0020] The single kind of cells spheroid model (cancer cells, M0 macrophage cells, M1 type macrophage cells, or M2 type macrophage cells) was also created in 96-well plates as described above. RPMI 1640 with 10% FBS (BI, Israel) and streptomycin/penicillin (1%, 10,000 mg/mL streptomycin; 10,000 IU/mL penicillin) was added for both in 2D and 3D culture systems ([[Supporting information Figure 2A](https://www.dovepress.com/get_supplementary_file.php?f=252074.docx)]{.ul}). The cultural medium was changed every two days during the culture in vitro. Viability was detected on 3-dimensional cell culture trials by Calcein AM and propidium iodide (PI). For the spheroid disintegration, 1 μM 1-adamantanamine hydrochloride (ADA) was added to break the crosslinking of DSG for 5 min at 37°C. The released cells were centrifuged to collect for the further use ([[Supporting information Figure 2B](https://www.dovepress.com/get_supplementary_file.php?f=252074.docx)]{.ul}).

Western Blot {#S0002-S2007}
------------

M0 macrophages were incubated by PBS (for control), IFN-γ (for M1 type), or IL-4 (for M2 type) at different concentrations from 0, 20, 50, to 100 ng/mL both in 2D and 3D systems for 24 h. To reprogram M2 type macrophages to M1 type, IFN-γ (100 ng/mL) was added to the induced M0 macrophages above for 24 h. Then, the cells were disrupted on ice in lysis buffer containing 50 mM PBS (pH 8.0), 1% (v/v) Triton-X 100, 1 mM magnesium chloride, 150 mM NaCl, and the protease inhibitor cocktail phenylmethylsulfonyl fluoride (PMSF) (Roche, Shanghai, China). The BCA Protein Assay kit (Thermo Fisher Scientific, USA) was used to analyze the protein content quantitatively. Each sample was separated on 10% polyacrylamide gel by SDS PAGE and transferred to a nitrocellulose membrane. Membranes were incubated in a blocking buffer containing 5% (w/v) bovine serum albumin, 0.01 M Tris-buffered saline (TBS), 0.1% (v/v) Tween 20 (TBS-T) for 4 h at room temperature. The primary antibodies (iNOS, Arg1, CD68, or GAPDH) were incubated overnight at 4°C, and then incubated with a homologous 1:10,000-diluted secondary HRP-antibody for 2 h at room temperature. The chemiluminescence reaction was performed using an enhanced chemiluminescence (ECL).

Quantitative Real-Time Polymerase Chain Reaction (RT-PCR) {#S0002-S2008}
---------------------------------------------------------

The mRNA expression levels of CD68 and iNOS in M0, M2, M2 reprogrammed, and M1 macrophage were detected by RT-PCR after 24h induction, respectively. Briefly, total RNA was divided from the macrophages with Trizol reagent (Life technology, Shanghai, China) and the Reverse Transcription System kit (TAKARA, Dalian, China) was used to transcribe the first-strand cDNA from RNA reversely. RT-PCR reactions were measured using a Sequence Detection System AppliedBiosystems 7500 (Applied Biosystems, USA).

The primers used as below:

iNOS-Forward:5ʹ-GAACAGCCAGCTCATCCGATA-3ʹ,

Reverse:5ʹ-CCCAAGCTCAATGCACAACTT-3ʹ;

CD68-Forward:5ʹ-CCAGCTGTCCACCTCGACCT-3ʹ,

Reverse:5ʹ-GATGAGAGGCAGCAAGATGGAC-3ʹ

β-actin-Forward:5ʹ-TGCCGACAGGATGCAGAAG-3ʹ,

Reverse:5ʹ-GCCGATCCACACGGAGTACT-3ʹ.

ELISA Assay {#S0002-S2009}
-----------

After culturing with 2D and 3D hydrogel model after 24 h induction, a human VEGF ELISA Kit (Rockland, USA) was used to measure the concentration of VEGF in the supernatants of the co-culture Ishikawa and TAMs systems according to the manufacturer's instructions.

Oxygen Saturation {#S0002-S2010}
-----------------

The SpectraMax M5 plate reader (Molecular Devices, USA) was used to detect the oxygen saturation of every group in 96 well oxoplates with 100 μL culture medium (PreSens Precision Sensing, Germany). Data were collected in accordance with the manufacturer's instructions. All the obtained data points that surpassed two standard deviations from the averages were kicked as outliers.

ISK Cell Migration Assay {#S0002-S2011}
------------------------

ISK, ISK/M1, ISK/M2, or ISK/M2 reprogrammed cells were encapsulated in DSG hydrogel and cultured as described above, and then, retrieved from the hydrogels by ADA. Subsequently, the cells were collected by performing a concentration. The polycarbonate Transwell membranes of 8 μm pores (Corning, USA) were used. 600 μL of medium with 10% FBS was added to the low chambers of the Transwell. 5 × 10^4^ cells were placed in the top chambers in 200 μL of FBS free medium. The whole plate was incubated in 5% CO~2~ at 37°C for 16 h. Then, the attached cells on the upper side of the membrane were wiped off. Methanol and crystal violet were used to fix or stain the cells, respectively. Under a microscope with a 20×objective, the stained cells that had migrated to the bottom side of the membrane were counted. 5 central fields were randomly chosen for each group. The average numbers of migrated cells per group were analyzed.

In vivo Antitumor Activity {#S0002-S2012}
--------------------------

All animal experiments were carried out in agreement with the National Institutes of Health (NIH) requirements for the care and use of laboratory animals and approved by the Tongji University Animal Study Committee. The released cells from each group were transplanted into the rear of six-week-old BABL/c nude mice (5 × 10^6^ cells) subcutaneously. Five mouse each group. Calipers were used to measure the tumor size, and the tumor volume was calculated by the formula: (V) = a×b^2^×0.5 (a: the min diameter; b: the max diameter). Mice were sacrificed 4--5 weeks later.

Results and Discussions {#S0003}
=======================

Fabrication of DSG Hydrogels {#S0003-S2001}
----------------------------

Firstly, we synthesized Ac-β-CD as described in our previous study.[@CIT0033] Just by dissolving the natural gelatin and Ac-β-CD in phosphate-buffered saline buffer simultaneously, pre-organized host-guest macromer was efficiently formed driven by the host--guest interaction between the aromatic residues of gelatin backbone (phenylalanine, tyrosine, and tryptophan) and Ac-β-CDs ([Figure 1A](#F0001){ref-type="fig"}).[@CIT0034],[@CIT0035] Then, exposing the solution of host-guest macromer to UV can initiate the polymerization of the Ac-β-CDs leading to the formation of DSG hydrogels ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}). As shown in [Figure 2A](#F0002){ref-type="fig"}, the rheological time sweep test demonstrated that both the storage modulus and the loss modulus of pure gelatin hydrogel (Gel8CD0 group) are significantly lower than the hydrogel with the addition of Ac-β-CDs (Gel8CD4 and Gel8CD10 groups). Moreover, with the increasing of the Ac-β-CDs concentration, the modulus of hydrogels was increasing. These results demonstrate that the DSG gelatin hydrogel is well obtained. Furthermore, [Figure 2B](#F0002){ref-type="fig"} shows the gelation time of the DSG hydrogels was about 90s (gelatin point: G' \> G"). The rheological frequency sweep ([Figure 2C](#F0002){ref-type="fig"}) showed the frequency-dependent property of DSG hydrogels, which proved the physically reversible crosslinkings of DSG hydrogels. Furthermore, [Figure 2D](#F0002){ref-type="fig"} shows that after the addition of ADA, the DcS hydrogels (Gel8CD10 with ADA groups) converted to liquid (G' \< G') at 37°C. This is because that the binding constant between β-CDs and such aromatic residues is relatively lower (Ka\~10^2^ M^−1^) than that between β-CDs and ADAs (Ka\~10^5^ M^−1^). After the addition of the ADA solution to the DSG hydrogels, the small ADA molecules would complex with β-CDs to unlock the crosslinking between the aromatic groups of gelatin backbones and the β-CDs resulting in the disintegration-controllable of DSG hydrogels. Therefore, based on the special disintegration-controllable property of our DSG hydrogels, we are able to encapsulate tumor-associated macrophages (TAMs) and Tumor cells into the DSG hydrogels for 3D in vitro co-culture firstly. Then, the cell-laden DSG hydrogels can be disintegrated by immersing into the ADA solution to isolate the encapsulated cells from the DSG hydrogels for further detection ([Figure 1B](#F0001){ref-type="fig"}). Compared to the PBS treated control cells, the cell viability assay demonstrated the used ADA had non-cytotoxicity on cells ([[Supporting information Figure 2C](https://www.dovepress.com/get_supplementary_file.php?f=252074.docx)]{.ul}).Figure 1(**A**) Illustration of the formation and disintegration process of the DSG hydrogels. (**B**) Illustration of the formation of TAMs/tumor cells model.Figure 2The properties of DSG hydrogels. (**A**) The rheological time sweep test for DSG hydrogels with different concentration of gelatin and Ac-β-CD at 25°C. (The solid symbols represent storage modulus (G') and the hollow symbols represent loss modulus (G")). (**B**) The gelation time test for Gel8CD10 hydrogel group at 25°C. (Insert graph: the enlarged view for the region of 0--300s). (**C**) The rheological frequency sweep of Gel~8~CD~10~ hydrogel group at 25°C. (**D**) The rheological time sweep test for DcS hydrogels before and after the addition of ADA at 37°C.

Polarization of Macrophages into Different Subtypes in 2D and 3D Systems {#S0003-S2002}
------------------------------------------------------------------------

The classically activated type 1 (M1) and the alternatively activated type 2 (M2) are two major polarization states in macrophages. The expression of iNOS is much higher in M1 macrophages, while the Arg-1 is highly expressed in macrophages M2.[@CIT0036]--[@CIT0039] In 2D culture system after 24 h induction, Western blot results showed that the expression of iNOS was up-regulated after IFN-γ induction of THP-1 M0 cells (termed M1 type macrophages) compared with control cells and Arg-1 expression was up-regulated after IL-4 induction (termed M2 type macrophages), respectively ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). In order to analysis of the induction efficiency of polarization in 3D systems after 24 h induction, the macrophage cells released by ADA from the DSG hydrogel were also collected and detected by Western blot. As we expected, the polarization of macrophages into both M1 and M2 subtypes was high efficient after 24 h of the induction by IFN-γ and IL-4, respectively ([Figure 3C](#F0003){ref-type="fig"} and D). These demonstrated that the M0, M1, and M2 subtype macrophages were induced efficiently both in 2D and 3D hydrogels. The polarization level increasing responded to the concentrations of inducers from 0 to 100 ng/mL in a dose-dependent manner both in 2D and 3D systems, respectively. The final concentration of IFN-γ or IL-4 at 100 ng/mL was used to perform the followed experiments. To further characterize the reprogram of M2 macrophage subtype in DSG hydrogel, we detected the expression of markers that are generally responsible for the M1 responses in polarized macrophages by real-time PCR and Western blot. The M0 macrophage cells were induced to the M2 polarized macrophage firstly, and then, the IFN-γ was added to reprogram M2 macrophage subtype in DSG hydrogels. The CD68, another expression of recognized M1 macrophage marker was also measured.[@CIT0040],[@CIT0041] As shown in [Figure 4A](#F0004){ref-type="fig"}, the mRNAs (both iNOS and CD68) expression levels of M2 reprogrammed macrophage cells released from DSG hydrogels were significantly up-regulated after 24 h IFN-γ induction compared with M0 and M2 macrophage cells. The similar results of proteins expression were obtained from the Western blot ([Figure 4B](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}). These indicated that reprogramming of M2 type macrophages to M1 was efficient after 24 h induction in 3D DSG hydrogels. Significantly, the microscope results of Calcein AM/PI cell viability assay showed all the cells of the different groups remain high viability (green fluorescence) and well spreading with the surrounding hydrogel matrix ([Figure 4D](#F0004){ref-type="fig"}). These proved that the hydrogel showed good biocompatibility and non-cytotoxicity.Figure 3Protein expression levels of THP-1 M0 cells polarization for 24 h in the presence of IFN-γ or IL-4, respectively. (**A**) Western blot analysis of iNOS (upper), relative expression of iNOS (lower) in 2D. (**B**) Western blot analysis of Arg1 (upper), relative expression of Arg1 (lower) in 2D. (**C**) Western blot analysis of iNOS (upper), relative expression of iNOS (lower) in 3D. (**D**) Western blot analysis of Arg1 (upper), relative expression of Arg1 (lower) in 3D. Data are presented as means ± standard deviations (n = 3). \**p*\< 0.01.Figure 4Relative M1 subtype markers expression of macrophage cells and cell viability in DSG hydrogels. (**A**) Relative iNOS and CD68 mRNAs expression of macrophage cells. (**B**) Relative iNOS protein expression of macrophage cells (1:M0; 2:M2; 3:M2 Reprogrammed; 4:M1). (**C**) Relative CD68 protein expression of macrophage cells (1:M0; 2:M2; 3:M2 Reprogrammed; 4:M1). (**D**) Cell viability staining (Green: Live; Red: Dead) of the cells-laden DSG hydrogels after 3 days. Scale bar:100 μm. Data are presented as means ± standard deviations (n = 3). \**p*\< 0.001.

Reprogram M2 Macrophages Decreases the VEGF and Increases Oxygen Saturation in 3D Compared with 2D Systems {#S0003-S2003}
----------------------------------------------------------------------------------------------------------

The macrophage/cancer cells heterospheroid (10C5M) model exposes macrophages to a tumor microenvironment more according to that found within an in vivo tumor.[@CIT0020] We established and used this macrophage/cancer cells heterospheroid (10C5M) model with DSG hydrogels in this study. In malignant tumors, M2 TAM macrophages promote tumor cell growth and survival by secretion of many cytokines such as vascular endothelial growth factor (VEGF).[@CIT0005] Moreover, VEGF might contribute to M2 TAM accumulation in the tumor microenvironment.[@CIT0042] The expression of VEGF was measured at the protein level by ELISA after 24 h induction both in 2D and 3D systems. Compared with 2D model system, the 3D model exhibited dramatic release of VEGF both in ISK alone and ISK/M2 complex, while the opposite results were obtained both in ISK/M1 and ISK/M2 reprogrammed complex ([Figure 5A](#F0005){ref-type="fig"}). Although multiple studies reported that IFN-γ performed anticancer effect, as shown in [Figure 5A](#F0005){ref-type="fig"}, IFN-γ treated ISK cells secreted a higher concentration of VEGF than ISK/M2 reprogrammed group, especially in 3D DSG hydrogels. With the aim of evaluating the metabolic rate, we used the oxoplates to assess the partial pressure of oxygen in the hydrogels. Then, we observed that the percent oxygen saturation via sensors of oxoplates of the 3D cell model system. The qualified oxygen level for the six different complexes (ISK cancer cell spheroid alone, M1, M2, ISK/M1, and ISK/M2 reprogrammed complex models) using 5×10^3^ macrophages and/or 1×10^4^ tumor cells is shown in [Figure 5B](#F0005){ref-type="fig"}. The percent oxygen levels decreased gradually from 100% to almost 10% at the end of five days in the ISK/M2 model. The oxygen consumption of the ISK cancer cell alone model followed the trajectory of the ISK/M1 model until day four when consumption improved and oxygen levels rapidly declined. This pattern was mirrored by the ISK/M2 model, where the rapid decline in percent oxygen saturation occurred at day one, beginning at an initial oxygen level of only 80% and following with an exponential decay. However, the ISK/M2 reprogrammed model slowly consumed oxygen from day one to seven, proofing that M2 reprogrammed decreased the proliferation of ISK. These indicated that ISK/M2 complex in hydrogel could mimic the real situation in vivo.Figure 5VEGF concentration measured by ELISA from the five models (**A**). The qualified oxygen saturation via oxoplates sensors of the 3D cell model system. The relative oxygen level for the six different complexes using 5×10^3^ macrophages and/or 1×10^4^ tumor cells. The relative oxygen saturation of co-culture growth in spheroid systems (**B**). Data are presented as means ± standard deviations (n = 3).\**p*\< 0.05, \*\**p*\< 0.01.

Reprogram M2 Macrophages Decreases the Tumor Cells Migration {#S0003-S2004}
------------------------------------------------------------

Cell migration serves as a critical role in various biological phenomena including cancer progression and tissue morphogenesis. Due to the capability of tumor cells migration is closely related to human tumor metastasis and progression,[@CIT0043]--[@CIT0046] we next examined whether reprogramming M2 macrophages would lead to the prohibition of ISK cancer cells migration. Cells on the top side of membrane are prone to migrate to serum-containing culture medium and accumulate at the bottom side of the membrane. The cells migration capability was measured by the quantification of the cells number accumulating at the bottom side of the membrane. After 24 h induction in every model, the cells released from the hydrogel dissolved by the ADA were collected and plated on the top side of Transwell chamber for 18 h. The results showed that the ISK/M2 cells promoted the percentage of the migrating cells compared with other groups. Significantly, compared with ISK/M2 model (\~130%), we observed that the ISK cells from ISK/M2 reprogrammed model reduced the percentage of the migrating cells (\~50%) ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}). Compared with migrating cells of ISK/M2 Reprogrammed in 2D system (\~80%), the cells in 3D hydrogel showed lower migrating rate (\~50%). The proliferation assay showed the similar results as the migration assay ([[Supporting information Figure 2D](https://www.dovepress.com/get_supplementary_file.php?f=252074.docx)]{.ul}). These results illustrated that the reprogrammed macrophages have anti-tumorigenic functions and this disintegration-controllable 3D system is a useful tool to mimic the tumor microenvironment.Figure 6Reprogram M2 macrophages inhibited cell migration in a Transwell assay. The stained cells that accumulating at the bottom side of the Transwell membrane observed under a microscope (**A**). Quantification of the migrating cancer cells in different models (**B**). Scale bar:100μm. Data are presented as means ± standard deviations (n = 3). \**p* \< 0.01.

Reprogram M2 Macrophages from the 3D Hydrogel Reduces Tumor Growth in vivo {#S0003-S2005}
--------------------------------------------------------------------------

We next examined whether the therapeutic effect was mainly contributed to the TAM reprogramming by examining the tumor volume of different groups (five mouse each group) in vivo. After 24 h induction, the released cells from the disintegration-controllable 3D hydrogel were subcutaneously injected into the BALB/c nude mice. The tumor volume was determined every 7 days for up to 35 days. It is expected that the ISK/M1 group showed a maximum inhibition effect of tumor growth compared with the other groups. The inhibition of tumor growth by the ISK/M2 reprogrammed group was more substantial, with a dramatic suppression in tumor volume and weight compared with the ISK or ISK/M2 groups ([Figure 7A](#F0007){ref-type="fig"}--C). These indicated that the DSG degradable hydrogels could mimic the endometrial cancer tumor microenvironment well in vivo.Figure 7Reprogram M2 macrophages from the 3D hydrogels reducing tumor growth in vivo. The released cells were transplanted subcutaneously into the rear of six-week-old BABL/c nude mice. Photographs of the dissected xenograft tumors from various groups treated as indicated (**A**). Kinetics of tumor growth from various groups treated as indicated (**B**). Statistical analysis of the tumor weight of different models (**C**). Data are presented as means ± standard deviations (n = 5). \**p* \< 0.05, \*\**p*\<0.01.

Conclusions {#S0004}
===========

We present a disintegration-controllable supramolecular gelatin hydrogel which can mimic the endometrial cancer tumor microenvironment in vivo. The DSG hydrogels heterospheroids summarized VEGF-based paracrine interactions, increased in oxygen consumption, promoted tumor growth, and secreted cytokines compatible with the polarization of M2 TAMs. This DSG hydrogels heterospheroid exposes TAMs to a microenvironment more according to that discovered in vivo tumor, thus decreasing the need for exogenous agents which often used to maintain M2 polarization. Rather, it is the synergistic combination of co-culture TAMs/tumor cells proximity and interactions present with the IFN-γ that result in M2 TAM reprogramming and inhibiting the tumor cells progression. In conclusion, we report TAMs/tumor cells interactions within the context of a motivated tumor stroma and supply the good use of in vitro heterospheroid and diffusely embed systems by DSG hydrogels as models of endometrial cancer infiltrated with TAMs for future application in cancer therapy, agent mechanism studies, and drug delivery.
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